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G
raphene has been attracting con-
siderable interest due to its fasci-
nating electrical and mechanical

properties. High crystalline order,1 ballistic
transport, massless Dirac fermion-like
charge carriers,2 as well as long spin coher-
ence length due to the intrinsically low
spin�orbit coupling make graphene a
promising candidate for applications in
electronics,3 spintronics,4 and nanomechan-
ics.5 Along this line, field-effect transistors
(FETs)6 and graphene�SQUID devices7 have
been demonstrated. The fact that graphene
is a one-atom-thick layer directly exposed
to the external world makes it a promising
material for ultrasensitive probes and opens
the possibility to exploit proximity effects
and chemical functionalization. For in-
stance, graphene-based gas detectors with
a sensitivity down to the single-molecule
limit have been demonstrated.8

Graphene�metal interface or molecular
functionalization has been reported to in-
duce superconductivity,9,10 insulating be-
havior,11 or magnetic properties.12,13

In the past few years, we have started
developing hybrid nanoarchitectures com-
bining carbon-based structures and single-
molecule magnets (SMM)14�17 in view of
molecular spintronic devices.18 SMMs are
metal-ion complexes exhibiting quantum
phenomena at low temperatures.19,20 They
might be suitable as components for quan-
tum computing21,22 and molecular
spintronics.18,23

The objective of this study is to graft in
a controlled way SMMs on graphene-based
devices using functional ligands equipped
with appropriate linkers and to investigate

the interaction between graphene and
SMMs. While covalent bonding might se-
verely alter the performance of the devices
by a strong lifting of graphene sp2 charac-
ter, noncovalent �-stacking should preserve
the intrinsic features of both graphene and
SMMs and lead to an indirect coupling
through, for instance, the SMM magnetic
stray field. Among the large variety of SMMs,
mononuclear representatives like the rare-
earth-based bis(phthalocyaninato) com-
plexes (so-called double deckers) are particu-
larly attractive.15 Their robust monatomic
structure opens the possibility for chemical
tuning of the molecular properties, while
maintaining the overall coordinating core
and therefore their SMM behavior. Herein, a
bis(phthalocyaninato)terbium(III) complex
particularly tailored for the grafting on sp2

carbon surfaces was used (Figure 1a and Ex-
perimental Section).15

Combining AFM and Raman investiga-
tions, we show here the selective and
homogeneous grafting of SMMs on
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ABSTRACT We report the preparation and characterization of monolayer graphene decorated with

functionalized single-molecule magnets (SMMs). The grafting ligands provide a homogeneous and selective

deposition on graphene. The grafting is characterized by combined Raman microspectroscopy, atomic force

microscopy (AFM), and electron transport measurements. We observe a surface-enhanced Raman signal that

allowed us to study the grafting down to the limit of a few isolated molecules. The weak interaction through

charge transfer is in agreement with ab initio DFT calculations. Our results indicate that both molecules and

graphene are essentially intact and the interaction is driven by van der Waals forces.

KEYWORDS: graphene · Raman spectroscopy · bis(phthalocyaninato)terbium(III) ·
single-molecule magnets · AFM · ��� interaction
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graphene and the structural integrity of the molecule

after the grafting. With respect to the techniques tradi-

tionally employed to study molecules on surfaces (AFM,

STM), Raman spectroscopy can probe structural and

electronic properties of both molecules and graphene

in a fast and nondestructive way.24,25 The enhanced Ra-
man intensity signal of these SMMs on graphene al-
lowed studies down to few isolated molecules on the
surface. The weak orbital overlapping between
graphene and SMM suggested by our experiments is
corroborated by ab initio calculations and electron
transport measurements.

RESULTS AND DISCUSSION
Figure 1b presents typical Raman spectra of pris-

tine graphene, TbPc2 powder, and the graphene�TbPc2

hybrid. Note that Raman scattering is resonant when
the excitation energy matches an electronic transition
of TbPc2,15 which is the case at the excitation wave-
length used here. The Raman response of the
graphene�TbPc2 hybrid is a simple superposition of
the response of each component without any shift or
disappearance of a mode, indicating that both remain
chemically unchanged after the grafting process. The
spectrum obtained on TbPc2 powders shows several
peaks between 1050 and1650 cm�1. In particular, the
M mode in Figure 1b is a doublet with 1512 and 1520
cm�1, which was ascribed to the pyrrole CAC and aza-
CAN stretching modes, respectively. It was found that
these frequencies depend on the ionic radius of the
rare-earth complexes.26,27 Since all Raman modes of the
TbPc2 molecule followed the same behavior in our ex-
periments, the most intense band (M) was used for the
Raman maps. As presented in Figure 2a, the spatially re-
solved Raman map of TbPc2 molecules precisely
matches the graphene G band map (Figure 2b), while
no TbPc2 Raman signal is detectable on the silicon
substrate.

AFM measurements confirm this result
because the roughness on the graphene
after grafting is much more pronounced
than before grafting, whereas the rough-
ness hardly changed on the silicon oxide
(Figure 2d). The 2�3 nm high roughness is
associated with the formation of molecu-
lar clusters of few molecules (�5) packed
together. For concentrations higher than
10�5 mol · L�1, the AFM topography reveals
the presence of much large clusters (up to
10�20 nm in size), which are uniformly dis-
tributed without any evidence for grafting
selectivity. Indeed, molecular clusters also
appear on silicon oxide, as confirmed by a
weak TbPc2 Raman signal (see Supporting
Information). These observations establish
that the grafting mechanism is selective
and favors deposition on graphene, which
is important for hybrid device fabrication.
Moreover, all TbPc2 Raman modes are
present on the Raman spectrum of the hy-
brid with the same frequency position and
width as for the TbPc2 powder (Figure 1b).

Figure 1. (a) Scheme of TbPc2 molecule constituted by a
single magnetic Tb3� ion coordinated by two phthalocya-
nine ligands. One of the ligands is subtituted by a pyrene
group and six hexyl groups. (b) Raman spectra of the pris-
tine graphene (bottom, red), TbPc2 powder (middle, black),
and the hybrid system graphene and TbPc2 molecules (top,
blue). The G and 2D modes of graphene and the M band of
TbPc2 molecules are indicated.

Figure 2. (a,b) Spatially resolved Raman intensity map of the TbPc2 M band and of the
graphene G band, respectively. Color scale range: 0 to 200 CCD counts from black to yel-
low. (c,d) AFM topography image and height profile of the pristine graphene of the
graphene�TbPc2 hybrid system, respectively. Color scale range: 0 to 10 nm from black
to white. For panels a, b, and d, the sample was prepared with a solution concentration
of 10�8 mol · L�1 (scale bars � 3 �m).
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In particular, no extra peak was ob-
served. The G band of graphene is only
slightly shifted and without any broad-
ening or splitting.28 These observations
point to a weak interaction between Tb-
Pc2 and graphene.

In order to get more insight, con-
tact mode AFM was used to selectively
displace the molecules grafted on
graphene (Figure 3a). After performing
contact AFM, the graphene surface re-
covered a small roughness and was free
of visible clusters, as shown in Figure
3a, suggesting that the majority of all
TbPc2 molecules were displaced by the
tip. From the AFM profile shown in Fig-
ure 3c, we estimate the volume corre-
sponding to the displaced molecules;
we found that the values measured on
graphene flakes are at least factor of 10
larger than what we found on the SiO2

surface. Along with AFM measure-
ments, we recorded Raman maps on
the same cleaned area (Figure 3b). The
TbPc2 Raman signal strongly decreases
in the cleaned area, although a weak re-
sidual signal (about 15%) is still de-
tected in the center of the scan (red
curve in Figure 3e), suggesting that a
small amount of molecules is left on the
cleaned graphene. In particular, while
AFM measurements indicate that an im-
portant quantity of molecules is present
on the edges (Figure 3b), the corre-
sponding Raman signal is increased
only by a factor of 1.4 with respect to
the decorated graphene (Figure 3d,e). We can, there-
fore, conclude that the TbPc2 Raman signal does not
change linearly with the quantity of deposited mol-
ecules. Additional evidence of the Raman enhance-
ment is provided by Raman measurements for succes-
sive deposition of different TbPc2 concentrations. Figure
4a,b displays the dependence of the TbPc2 doublet Ra-
man intensity on different concentrations up to 10�6

mol · L�1. The intensity follows a logarithmic behavior
which saturates at 10�7 mol · L�1. This nonlinear Raman
response is compatible with a chemical enhancement
due to a modification of the molecule polarizability, as
recently proposed by Ling et al.,29 via a charge transfer
with the substrate.30�32 This effect occurs only for mol-
ecules in contact with graphene,30 and therefore, only
the first molecular monolayer is influenced, in agree-
ment with the observed signal saturation for thicker
molecular films. Furthermore, the graphene-induced
chemical enhancement allows the detection of the
SMMs’ Raman signal for concentrations as low as 10�10

mol · L�1 (Figure 4c), while no significant roughness

change was detected on graphene by AFM. We sug-

gest that, at low concentrations, the few deposited mol-

ecules detected by the Raman signal are isolated on

the graphene surface and difficult to extract from the

AFM background signal. In conclusion, the

TbPc2�graphene interaction improves the Raman de-

tection limit, which is estimated below 100 molecules

under the laser spot of 500 nm.33 This sensitivity is re-

markable and leads us to conclude that within this level

of accuracy no particular change of the molecular struc-

tural and electronic features was observed. Despite the

described strong impact on the Raman response, the

molecule�graphene interaction seems to be weak.

In order to elucidate this experimental findings, ab

initio density functional theory calculations were per-

formed. To keep the problem tractable from the com-

putational point of view, we studied the anchoring

properties of the pyrene group alone (Figure 4e,f). Re-

cent combined scanning probe and XMCD work has

shown that unsubstituted TbPc2 molecules adsorb flat

lying on both copper33 and graphite34 surfaces with the

Figure 3. (a) Tapping AFM topography image performed after contact AFM cleaning on
a 2 �m � 2 �m square to displace the TbPc2 single-molecule magnet on the graphene.
Color scale range: 0 to 10 nm from black to white. (b) Raman intensity map of the TbPc2

M band for the same place as in panel a. Color scale range: 0 to 200 CCD counts from
black to yellow. (c) Height profile of the graphene surface along the blue line repre-
sented in panel a. (d) Raman intensity profile along the green curve shown in panel b.
(e) Raman spectra taken at three different spots indicated by the colored circles in panel
b: center (red), border (black), and outside (blue) (scale bars � 1 �m).
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magnetic anisotropy axis orthogonal to the surface nor-

mal.35 Due to the chemical composition of the phthalo-

cyanine (Pc) groups in TbPc2, characterized also by

�-delocalized orbitals, it is possible to assume that Pc

and pyrene groups interact similarly with the underly-

ing substrate. In Figure 4e,f, we present a sketch of the

two systems that we have considered, namely, a pyrene

molecule adsorbed on a clean and graphene-covered

SiO2 surface (Figure 4e,f). More details on the method

and the simulated systems are given in the Supporting

Information. We find that the interaction between

pyrene and graphene (or SiO2) is noncovalent and due

to van der Waals interactions. This leads to an equilib-

rium distance of 3.2 and 2.8 Å between pyrene and

graphene or SiO2, respectively. Most importantly, our

calculations indicate that a pyrene group adsorbs more

favorably on the graphene layer than on the SiO2 sur-

face, in agreement with the experimental evidence dis-

cussed above. The binding energy of the pyrene mol-

ecule on graphene is indeed 2-fold larger than that for

the pyrene adsorbed directly on SiO2: �E(Py �

graphene � SiO2) � 1.06 eV vs �E(Py � SiO2) � 0.52 eV.

Finally, the orbital overlapping, although weak, still in-

duces changes in the electronic properties of the

graphene. In Figure 4d, we plot the G band frequency

dependence on the TbPc2 concentration. Indeed, the G

band is slightly shifted to lower frequency (4 cm�1 be-

tween extreme concentrations) as well as the 2D band

(3 cm�1 between extreme concentrations). This fre-

quency shift is compatible with a doping-induced

change of the Fermi energy.25,36 The corresponding

relative change of the Fermi energy of graphene (re-

ported on the right axis of Figure 4d) is calculated from

our Raman shift, following the work of Yan et al.25 and

Pisana et al.37 The observed logarithmic decay suggests

that the doping originates only from the molecules in

contact with graphene. Although it is strongly depend-

ent on the intrinsic doping of the pristine layer and un-

detectable for multilayer flakes, this frequency shift is

reproducible for any monolayer at the highest molecu-

lar concentration with a typical charge transfer of 1012

e/cm2. Though predicted by ab initio calculations, these

data obtained on a nonconnected graphene mono-

layer need to be confirmed by measuring the electronic

properties of a monolayer with a well-defined electri-

cal potential, as presented in the following. In order to

further probe the consequences of grafting on the elec-

tronic properties, we performed electron transport

measurements under ambient conditions on a similar

graphene flake in a FET geometry (inset of Figure 5b).

For increasing TbPc2 concentrations, the Dirac point

(corresponding to the minimum of conductance) shifts

Figure 4. (a) Evolution of the M doublet intensity according to the solution concentration. (b) Raman spectra of TbPc2 mol-
ecules deposited on graphene at three different concentrations. (c) Raman intensity map of the TbPc2 deposited with a con-
centration of 10�10 mol · L�1. (d) Evolution of the position of the graphene G band with TbPc2 concentration. The value for
the pristine system was 1600 cm�1. (e) Pyrene molecule anchored to clean SiO2 surface. (f) Pyrene molecule anchored to
graphene on SiO2 (scale bar � 3 �m).
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toward lower gate voltages, which suggests an elec-
tron transfer from the TbPc2 molecules to the graphene,
that is, n-doping (Figure 5a). Despite a slight asymme-
try between electrons and holes induced by molecule
decoration, the graphene mobility � � �/ne (where n is
the density of carriers38 and e the electron charge) re-
mains constant at 	2000 cm2 · V�1 · s�1 until the con-
centration reaches about 10�6 mol · L�1. This indicates
that no significant disorder is induced in the graphene.
For concentrations higher than 10�5 mol · L�1, the mo-
bility drops by nearly 40% and the conductivity mini-
mum broadens significantly. This is consistent with the
presence of clusters and crystallites at these high con-
centrations, which induce defects and diffusion sites on

the graphene sheet and degrade progressively the mo-

bility. The relative change of the Fermi energy caused

by the TbPc2 molecules is calculated from the electrical

transport measurements and reported on Figure 5b.

The logarithmic behavior and the shift magnitude are

in good agreement with the values obtained from the

Raman frequency shift. Finally, Raman and transport ex-

periments converge on a charge transfer between

graphene and molecules of about 1012 e/cm2 that cor-

responds to 10�4 electrons per carbon atom for the

highest concentration (10�4 mol · L�1), indicating that

the electronic properties of graphene and TbPc2 are not

altered.

CONCLUSION
We report herein evidence for a selective physisorp-

tion and homogeneous grafting of pyrene-substituted

TbPc2 single-molecule magnets onto graphene. The

decoration process is directly applicable in situ onto

graphene transistors. The enhanced Raman intensity

of TbPc2 on graphene allows the detection of molecules

down to a few tens of molecules per laser spot. Further-

more, a weak electronic interaction between graphene

and TbPc2 molecules was found. Only small charge

transfer occurs, resulting in a shift of Fermi level and

preserving graphene mobility. Our experimental find-

ings are corroborated by DFT calculations that point out

van der Waals coupling between pyrene and graphene,

leading us to conclude that TbPc2 and graphene elec-

tronic properties are essentially intact even for low mol-

ecule densities where no molecular clusters are ob-

served. Note that our main results can be applied to

other families of molecular systems with different func-

tionalities since a similar pyrene substitution can be

performed on many other compounds. Our results

show a way to probe the interactions and to provide

fabrication criteria in carbon-based molecular sensors

for spintronics applications.

EXPERIMENTAL SECTION
We deposited graphene flakes by micromechanical exfo-

liation39 of natural graphite on degenerately doped Si with
a 300 nm SiO2 capping layer. Optical microscopy and AFM
were used to determine the flake thickness and position, and
the number of layers was also confirmed by Raman spectros-
copy (up to 5 layers).40 For FET devices, e-beam lithography
was performed by alignment on prelocated graphene flakes.
Ten nanometer Ti/100 nm Pt contacts were deposited by
electron-gun evaporation on top of the graphene. The sili-
con substrate was used as a backgate. The SMMs deposited
on graphene are pyrenyl-substituted heteroleptical bis(phth-
alocyaninato)terbium(III) complexes15 (Figure 1a), referred
to as TbPc2 in this publication. This molecule consists of a
single magnetic Tb3� ion coordinated to two phthalocya-
nine ligands (see scheme of Figure 1a). In order to improve
the grafting on graphene, one of the two phthalocyanine
macrocycles was substituted by a pyrene group and func-
tionalized with six hexyl groups. Both pyrene groups and

alkyl chains are well-known to exhibit an attractive interac-
tion with sp2 carbon materials, maximizing the intermolecu-
lar van der Waals interactions.15,41 The molecule was depos-
ited by drop casting of a TbPc2 solution in dichloromethane
(DCM) with a molecule concentration ([TbPc2]) ranging from
10�11 to 10�4 mol · L�1. After 5 s, the sample was rinsed in
DCM and dried under nitrogen flow. Residual DCM was re-
moved by a second rinse with isopropanol. The washing effi-
ciency is monitored by a strong decrease of DCM fluores-
cence, which is a broad band centered at 1600 cm�1. Micro-
Raman spectroscopy was performed with a commercial Witec
Alpha 500 spectrometer in a backscattering configuration.
The excitation wavelength for all presented Raman experi-
ments was the 633 nm line of a He�Ne laser with a power
around 300 �W on the sample to prevent any damage of Tb-
Pc2 and graphene. All Raman spectra were recorded with a
500 nm diameter laser spot. The spectrometer was equipped
with a piezostage, which allows the measurement of Raman
intensity maps: a Raman spectrum was recorded for each

Figure 5. (a) Transfer characteristics (I, Vg) of the graphene
FET for different TbPc2 concentrations. The measurements
have been performed under ambient conditions using the
lock-in technique with an AC excitation of 100 �V. Curves
are vertically shifted (by �0.3 mS) for clarity. (b) Concentra-
tion dependence of the shift of the Fermi energy relative to
the pristine device. Inset: optical image and Raman intensity
map of the M doublet of the device (scale bars � 1 �m).
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pixel (500 nm size), and the integrated intensity of a chosen
mode was displayed with a color scale. Tapping and contact
mode AFM micrographs were recorded using a VEECO D3100
under ambient conditions.
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